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Abstract
Two-terminal thin film VO2 devices show an abrupt decrease of resistance when the current or
voltage applied exceeds a threshold value. This phenomenon is often described as a field-induced
metal–insulator transition. We fabricate nano-scale devices with different electrode separations
down to 100 nm and study how the dc switching voltage and current depend on device size and
temperature. Our observations are consistent with a Joule heating mechanism governing the
switching. Pulsed measurements show a switching time to the high resistance state of the order
of one hundred nanoseconds, consistent with heat dissipation time. In spite of the Joule heating
mechanism which is expected to induce device degradation, devices can be switched for more
than 1010 cycles making VO2 a promising material for nanoelectronic applications.
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Vanadium dioxide VO2 undergoes an insulator to metal
transition (IMT) at about 68 °C. At this temperature the
resistivity decreases abruptly by 4–5 orders of magnitude [1].
This has been ascribed to an electronic effect, a Mott IMT [2].
However, at the same temperature a structural transition from
a low temperature monoclinic phase to a high temperature
rutile phase takes place. This complicates the understanding
of the physics driving the transition as a phonon-mediated
mechanism could be behind the structural and resistivity
transitions [3]. Recently, a mixed electronic–phononic
mechanism of the MIT has been proposed [4, 5]. Independent
of the transition mechanism, VO2 has attracted a lot of
attention as it is hoped that the MIT could be used in
switching devices for memory and logic applications [6–8].
The interest has been generated not only by the magnitude of
the transition but also by the reported speed [9] and the
possible low energy operation.
Investigations of few-micron-sized thin film VO2 two-
terminal devices have widely reported that the observed steep
decrease of resistance at a critical current or voltage is related
to a field-induced metal–insulator transition [10–18]. In this
letter we investigate the geometry and temperature depen-
dence of switching behavior of nano-scale two-terminal VO2
devices with electrode separation down to 100 nm. Our
nanoscale devices allow the evaluation of VO2 as an elec-
tronic switching material at a relevant scale for future
nanoelectronics applications. Small electrode separation is
comparable to the VO2 grain size thus possibly reducing the
occurrence of inhomogeneous (filamentary) and cascaded
switching, since the current will traverse less or no grain
boundaries between the electrodes. This allows to study the
transition in devices more closely approximating intrinsic
single-crystal behavior. In our work we aim to study the
origins of geometrically uniform switching which is expected
to show the most straightforward behavior and is most rele-
vant for nanoscale devices.
Unlike previous literature [10–18] we find the switching
to be induced by Joule heating rather than directly by the
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applied electric field in agreement with the findings of [19–
22] in large VO2 (>9 μm) resistor devices and crystals. We
find that the electric field at which the switching occurs varies
with electrode separation consistently with what is expected
for a Joule heating mechanism. Moreover, the power at which
a device switches decreases linearly with increasing tem-
perature, characteristic for a Joule-heating induced transition.
Also, the time needed to switch from the low resistance state
to the high resistance state after the external stimulus has
ended is consistent with the heat dissipation time in these
structures. We test switching endurance and find that the
devices can be reproducibly switched for more than 1010
cycles.
VO2 thin films are produced by low pressure oxidation of
vanadium metal. Vanadium films 50 nm thick are dc sputtered
on 20 nm polycrystalline Al2O3 on Si wafers. The metal is
oxidized at pressures of about 1 Torr O2 and temperatures of
500 °C for 10 min. The resulting VO2 films are approximately
100 nm thick with an RMS surface roughness of 5 nm as
measured by Atomic Force Microscopy (AFM). By varying
the oxygen pressure during oxidation thin films of VO2 with
different resistivity and amplitude of transition can be
obtained [23]. An X-ray diffraction spectrum acquired with
Cu Kα radiation is presented in figure 1(a). A typical tem-
perature dependence of the resistivity is plotted in figure 1(b)
showing more than three orders of magnitude change and
hysteresis around 68 °C, comparable to what is obtained with
sputtered VO2 on Si substrates [24]. Si substrates are pre-
ferred in this work due to their widespread availability and
suitability for nanoelectronics applications. The used thermal
oxidation process would be easily available in a microelec-
tronics manufacturing environment, with no equipment for
RF sputtering and oxide targets needed. Hence our films also
show that VO2 of a quality comparable to VO2 deposited by
RF reactive sputtering can be obtained with a more generally
available and lower cost process, which is conducive for
nanoelectronics applications of VO2.
Two-terminal devices are fabricated onto the VO2 films
using electron beam lithography. For the electrode formation
3% poly methyl methacrylate in a benzene solution at room
temperature was spun to a thickness of ≈150 nm on the
blanket VO2 samples. Subsequently, this resist was baked at
165 °C for 30 min. Exposure was done with a Vistec VB6 e-
beam lithography tool at 50 kV. Development was done in an
MIBK:IPA 1:1 (methyl isobutyl ketone/isopropyl alcohol)
solution for 30 s followed by an NPA (n-propyl alcohol) rinse
both at 23 °C in a temperature stabilized bath. Metal (5 nm Ti/
50 nm Au) was deposited by means of e-beam evaporation
and lift-off was done in an ultrasonic acetone bath. A dose
series was run combined with top view scanning electron
micrograph (SEM) inspection to find appropriate exposure
conditions. Devices with electrode separation (L) ranging
between 100 nm and 10 μm and electrode width (w) of 2 or
10 μm are thus patterned. A SEM of such a device is shown in
figure 1 (c) and a sketch of the overall device structure is
presented in figure 1 (d).
As the voltage applied to a two-terminal device is
increased a sudden steep increase in current is observed and
the device switches to the low resistance state. This switching
is volatile: as the voltage is reduced the device switches back
to the high resistance state and the current decreases sharply
(see figure 2(a)). For VO2 with ∼10 times lower resistivity the
switching can take place in several steps as different sections
of the device turn to the low resistance state (see figure 2(b)).
Figure 1. (a) X-ray diffraction data of a VO2 film on polycrystalline
Al2O3 showing the peak associated with the (020) plane of the VO2
monoclinic phase. (b) Resistivity versus temperature showing a
sharp decrease at about 68 °C. (c) SEM micrograph of a 0.2 × 2 μm2
device. (d) Sketch of a device.
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To investigate the switching mechanism we fabricate
devices with various electrode separations and study how the
dc voltage at which devices switch on and off varies with
electrode separation. The on and off voltages are converted
into effective electric fields by dividing the voltage by the
electrode separation. As shown in figure 2(c), EON and EOFF
decrease nonlinearly with increasing electrode separation.
This characteristic is found to be reproducible across several
samples given a certain spread as indicated by the error bars.
Sets of 2 μm wide and 10 μm wide devices were measured
and were found to have the same EON and EOFF given the
statistical spread in characteristics across devices.
Since the measurements are carried out in dc, steady state
conditions are assumed present. In such steady state condi-
tions, Joule heating power equals the heat loss through the
surrounding materials from which follows:
ρΔ κ∝ + ′E T
L
G2 . (1)ON
1⎜ ⎟
⎛
⎝
⎞
⎠
ρ is the electrical resistivity in the insulating state, ΔT is the
difference between the ambient temperature and the transition
temperature TC. L, w and t are the electrode separation,
electrode width and VO2 film thickness respectively, while
κ = 51 WmK−1 is the thermal conductivity of VO2 [25] and
′ = × −G 3 10 W m7 2 K−1 is an effective thermal conductance
of the Al2O3 and Si substrate. A similar size dependence can
be found for EOFF by replacing ρ with the resistivity of the
metallic state. Equation (1) approximately describes the non-
linear geometry dependence observed, neglecting contact
resistivity.
To compare a Joule heating model with the measured
data in more detail we have used a numerical distributed
electrical and thermal model of the devices (see inset
figure 2(c)). This 1D distributed model takes into account the
distributed nature of contact resistivity, the lateral heat con-
ductance through VO2 and vertical heat conductance through
Al2O3/Si in a self-consistent way. The value used for G’=3
× −10 W m7 2 K−1 is as expected for heat conductance through
the VO2/Al2O3/Si stack. The value for G’ was found to agree
with a finite element thermal simulation in COMSOL of the
thermal conductance to the substrate of a device on a VO2/
Al2O3/Si stack with κ = 130Si Wm−1 K−1, κ = 14Al2O3
Wm−1 K−1. The contact resistivities in the semiconducting
state and in the metallic state used in the distributed model are
taken from the contact resistivity work [26] on the same
thermal VO2 material for a Ti/VO2 contact. VO2 resistivities
in the semiconducting and metallic state used in the model
were determined from the longest channel devices for which
Figure 2. (a) Current versus voltage characteristic displaying symmetric volatile switching. Current compliance: 1 mA. Device size:
0.2 × 10 μm2. (b) Current versus voltage characteristic of a device of 0.2 × 10 μm2 patterned on VO2 with ∼10 times lower resistivity than in
(a) showing switching in several stages. (c) ON and OFF fields as a function of electrode separation. Error bars are shown representing
standard deviation on the set of measurement samples. Solid line is the modeled EON while the long dash-dotted line is the modeled EOFF.
The horizontal dotted lines represent the long channel limit of E(ON) and E(OFF). (d) Current versus voltage characteristic at different
temperatures. The temperature increases between 25 and 60 °C in steps of 5 °C. Device size: 0.2 × 2 μm2. (e) Power needed to turn the device
on and off. Data extracted from (d). Solid line is the linear best fit to the data. Interrupted line is the model without lateral heat conduction and
contact resistance taken into account.
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contact resistance effects can be considered negligible. The
resulting model behavior as a function of channel length or
electrode separation is plotted in Figure2(c) as solid lines for
both on and off field. The model matches well with the
measured data given the present device variability indicated
by the ±1σ error bars. Device-to-device fluctuations in elec-
trical device properties are expected to increase as device
dimension is reduced. The horizontal interrupted lines indi-
cate on and off field in the long channel limit without influ-
ence of lateral heat conductance and contact resistivity. It is
clear that the observed on and off field and voltage depen-
dence on channel length is consistent with a homogeneous
Joule heating induced switching phenomenon.
We note that in the case of filamentary switching one
would expect a different impact of on width and/or length on
the off voltage. When switching off one would switch from a
metallic filament to an insulating state. The dissipated power
is no longer evenly distributed across the device but con-
centrated in the filament and the geometrical scaling of the
model presented in the manuscript would no longer hold,
resulting in deviating electrical characteristics. However, our
data are consistent with homogeneous Joule heating.
The most important argument for a Joule heating
mechanism comes from the strong dependence of the
switching voltage on ambient temperature (figure 2(d)). The
power to turn on a device (PON) decreases linearly with
increasing temperature (figure 2(e)) going to zero toward TC:
Δ= =P G T( ) V
RON therm
ON
2
OFF
with Gtherm thermal conductance,
ROFF the VO2 device electrical resistance immediately below
TC and VON the voltage at which the device turns on. Simi-
larly the off power shows a linear dependence on ambient
temperature. The linear ΔT dependence of on power also
demonstrates that Joule heating initiates the switching. The
linear dependence of switching power is characteristic for
switching driven by Joule heating.
The observed hysteresis and different off and on voltages
can be explained by the different electrical resistance in the
high temperature and low temperature states:
Δ Δ≈ > ≈V R G T V R G TON OFF therm OFF ON therm with VOFF
the voltage at which the device turns off and RON the device
electrical resistance immediately above TC.
We discuss potential models for a pure field-induced
transition. Zener breakdown has been reported as a potential
mechanism to explain a field-induced metal–insulator transi-
tion. Zener breakdown in strongly interacting systems is
discussed by Oka et al [27] in which the breakdown field in
Mott insulators is derived to be described by the Landau-
Zener formula for band insulators using the charge gap of the
highly correlated material. Due to the high fields needed for
Zener breakdown for band insulators and Oka et alʼs result
this process is unlikely to occur at the fields present in the
volume of lateral VO2 devices. Required fields or potential
drops are typically on the order of the gap over nm range
distances or less. Sugimoto et al claim that Zener breakdown
can be obtained in Mott insulators at lower field [28] and that
the proposed phenomenon also features hysteresis behavior as
observed in switching of lateral VO2 devices. Nevertheless,
the temperature dependence of the switching phenomena in
[28] is not discussed. Pure band-to-band tunneling (BTBT)
mechanisms in direct gap band semiconductors are described
to be exhibit no temperature dependence in Kane’s formula
[29, 30] and phonon- or trap mediated mechanisms typically
introduce temperature activated behavior in band semi-
conductors. The linear dependence of switching power on
ambient temperature is not addressed in prior work on Zener-
like breakdown in theory or experiments related to lateral
VO2 devices.
Cao et al [31] report a constant threshold resistivity at the
IMT in VO2. This work posits that the transition is triggered
at a constant electron density, which is estimated to be
≈ × −8 10 cm18 3. This conjectured property would not be able
to explain our observations of ambient temperature depen-
dence of the ON field. Since no temperature dependence is
discussed by Cao et al, no explanation is possible for the
ambient temperature dependence of the on voltage or on
power. Moreover, in some experiments Cao et al state to
deliberately cause the transition by Joule heating. An
important feature of the Joule heating model is that it relies
entirely on established properties of VO2, namely its resis-
tivity versus temperature and thermal conductivity. The Joule
heating model is consistent with our observations quantita-
tively, most importantly the ambient temperature dependence
of on power. The temperature dependence of an on voltage
determined by a pure field-induced metal–insulator transition
has not been explained to be linearly related to dissipated
power.
Figure 3. Ac electrical measurements. Applied, (oscillo)scope
voltage and resistance traces as a function of time for a 0.1 × 2 μm2
device. The scope voltage is measured over a 25Ω resistor in series
with the device, hence it is proportional to the current through the
device. (a) The device is still in the low resistance state after 100 ns.
(b) The device is in the high resistance state after 200 ns.
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In pulsed measurements, the switching from the high
resistance state to the low resistance state can be triggered by
applying a large enough voltage pulse. However, switching
from the low to the high resistance state cannot be triggered
externally. To probe how long it takes for the devices to
switch back to the low resistance state we use a two pulse
sequence as shown in figure 3. A first pulse of higher
amplitude is used to bring the device to the low resistance
state. A second pulse with a timed delay is used to read the
state of the device after the first pulse has ended. The
amplitude of this second pulse is chosen such that it does not
induce switching. The time it takes for the device to go back
to the high resistance state can be thus measured by varying
the time between the two pulses. For a device with 100 nm
electrode separation and 2 μm width, the switching to high
resistance takes between 100 and 200 ns. This time range is
consistent with the heat dissipation time which is estimated to
be 230 ns using the same assumptions as for equation (1).
Since switching is controlled by Joule heating, it is likely
that the crystal structure of the VO2 also changes when the
devices switch resistance. Such a change in crystal structure
could pose reliability problems for device operation. To verify
this, we perform endurance testing (see figure 4) using a two-
pulse sequence similar to the one discussed above. The
amplitude of the first pulse is chosen such that the device goes
to the low resistance state during the first 20 ns of the pulse
(figure 4 inset). The separation between pulses is 500 ns
ensuring that the device has enough time to switch back to the
high resistance state. The high and low resistances are mea-
sured during the second and the first pulse, respectively. The
device switched for more than 2 × 1010 times before the
testing was stopped because of time constraints. The on and
off values of resistance were approximately constant and
≈I I 100ON OFF .
In summary, we have studied the switching mechanism
in nanoscale two-terminal devices on VO2 and explain it to be
controlled by Joule heating rather than directly by the electric
field. Arguments for this mechanism come from the geometry
dependence of the electric fields at which the switching takes
place with respect to electrode separation and width. The
observed linear decrease of power required to switch with
increasing temperature is a hallmark of Joule heating. Also,
the time for a device kept at room temperature to switch to the
high resistance state after the external excitation has stopped
is consistent with the heat dissipation time. This time was
found to be about 100 ns for the devices described here. For
application purposes, we have performed endurance testing
and found a stable operation window over more than 2 × 1010
cycles with ≈I I 100ON OFF . This characteristic makes VO2 a
promising material for nanoelectronic applications.
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